Background: Chinese medicinal formula BNG-1, a non-specific inhibitor of phospho-diesterases (PDEs), can be considered as a potential anti-inflammatory agent. The present study was aimed at determining the effects of BNG-1 on the development of non-alcoholic fatty liver disease (NAFLD) in mice. Design and Methods: Male CD1 mice were randomly divided into seven groups, the control Con (4) and Con (8)+saline groups were fed a standard control diet for four or eight weeks; the experimental HFD (4) and HFD (8)+saline groups were fed a high fat diet for four or eight weeks; the HFD (8)+LBNG, HFD (8)+MBNG, and HFD (8)+HBNG groups received a high fat diet along with low, moderate or high doses of BNG-1 (0.026, 0.035, and 0.052g/30g body weight) which was administered for the last four weeks of an eight-week experimental period. After the end of experiment, blood and tissue samples were taken and analyzed. Results: Mice in the HFD (4) group had higher levels of alanine aminotransferase (ALT), plasma and hepatic triglyceride and cholesterol, and homeostasis model assessment-estimated insulin resistance (HOMA-IR) compared with mice in the Con (4) group. Mice receiving the high fat diet along with the BNG-1 supplement had decreased body weight gains and lower visceral fat weights compared with the HFD (8)+saline group. They had also significantly reduced levels of abnormal ALT and HOMA-IR, and improved blood lipid profile. BNG-1-treated mice exhibited reduced hepatic lipid accumulation, lower oxidative stress, and decreased expression of pro-inflammatory cytokines (TNF-α and IL-1β). Furthermore, BNG-1 treatment resulted in down-regulation of hepatic cyclic-AMP dependent PDE3B and up-regulation of PDE3B expression in epididymis adipose tissue. Conclusions: BNG-1 mediated changes in PDE3B expression along with reduction in oxidative stress and inflammation. BNG-1 may ameliorate insulin resistance and hepatic steatosis in the NAFLD mouse model.
Introduction
Non-alcoholic fatty liver disease (NAFLD), a condition characterized by excessive fat accumulation in hepatic tissues, is the most common cause of chronic liver diseases. NAFLD has been associated with obesity, insulin resistance, abnormal blood lipids, and hypertension [1] . Although the exact
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Oxidative stress, defined as a disruption between pro-oxidant and antioxidant homeostasis, could contribute to increased oxidative damage and activation of the inflammatory process [3] . Animal model has been used to show higher levels of lipid peroxidation products and lower activities of antioxidant enzymes in animals with high fat diet-induced NAFLD compared with controls [4] . Human subjects who developed NAFLD were also shown to have significantly higher levels of oxidative products and lower concentrations of antioxidants compared with healthy controls [5] . Furthermore, excessive formation of reactive oxygen species (ROS) has been shown to enhance inflammation, resulting in NAFLD progression [6] .
There is also increasing evidence that NAFLD-induced oxidative stress is associated with an increased risk of stroke [7] . The Chinese medicinal formula BNG-1 is composed of a number of herbs, which are thought to be effective for the treatment of stroke. BNG-1 has been shown to exert its anti-inflammatory activity by suppression of different phosphodiesterases (PDEs) [8] . PDEs are known to hydrolyze both cAMP and cGMP to the inactive forms and are involved in cellular signaling transduction. The cAMP signaling pathway has been linked to the development of insulin resistance and hepatic steatosis [9] . PDE3B is a member of the PDE3 subfamily of genes that regulates insulin signaling and adipocytokine levels in adipose or hepatic tissues [10, 11] . Furthermore, the combination of both PDE3 and PDE4 inhibitors prevent the activation of alveolar macrophages under oxidative stress [12] . Together, these data suggested that the effects of BNG-1 might play a pivotal role in amelioration of the NAFLD.
There is limited information regarding the beneficial effects of formula BNG-1 in patients with NFALD. Therefore, the present research aimed to examine the effect of BNG-1 on the PDE3B expression, oxidative stress, inflammatory status, as well as glucose and lipid metabolism in mice with high fat diet-induced NAFLD.
Materials and methods

Animals
The experimental protocol was conducted in accordance with the guide for care of laboratory animals and was approved by the Institutional Animal Care Committee of Hung-Kuang University. Sexually mature male CD-1 mice at 7 weeks were purchased from BioLasco Co., Ltd. (Taipei, Taiwan) and maintained at an ambient temperature of 24 ± 1 °C on the artificial 12/12-h light/dark cycle. All mice were fed rodent chow (Ralston Purina, Lab Diet #5001, St. Louis, MO, USA) and given ultrapure water ad libitum.
Experimental design
After two weeks of acclimation, animals were randomly divided into seven groups. The Con (4) and Con (8)+saline groups were fed a standard-control diet (Lab Diet #5001) for four or eight weeks; the Con (8)+saline group was also given saline by gastric gavage from the 5 th week to the 8 th week, the HFD (4) and HFD (8)+saline groups were fed a high-fat diet (58Y1, Test Diet, Richmond, VA, USA, 60% kcal provided by fat) with/without saline treatment for four or eight weeks. The HFD (8)+LBNG, HFD (8)+MBNG, and HFD (8)+HBNG groups were fed a high-fat diet for eight weeks which was supplemented daily with low, moderate or high doses of processing BNG-1 (0.026 g, 0.035 g, and 0.052 g/30 g body weight) by gavage from the 5 th week to the 8 th week, respectively. The BNG-1 formula was supplied by Brain Genesis Bio-technology Co., LTD (Neihu 114, New Taipei).
At the end of the experimental period, overnight fasted-animals were sacrificed under anesthesia and arterial blood samples were collected. Plasma was separated, and several tissues and visceral fat pad (retroperitoneal, perirenal, and epididymal) were quickly excised, flash frozen in liquid nitrogen and stored at -80℃ until needed.
Laboratory measurement
The activities of enzymes ALT and aspartate transaminase (AST) in blood were measured using commercially available diagnostic kits (Randox, Northern Ireland, UK). The concentrations of triglyceride, total cholesterol, high-density lipoprotein (HDL), and low-density lipoprotein (LDL) were analyzed using enzymatic standard procedures (Fortress, Northern Ireland, UK). Additionally, the hepatic lipids were extracted; the triglyceride and total cholesterol were then measured [13] . The levels of plasma glucose were determined using the glucose assay kit (Randox, Northern Ireland, UK) and insulin were determined using Ultra-sensitive mouse insulin kit (Mercodia, Uppsalla, Sweden) according to the manufacturer's instructions. The intra-and inter-assay coefficient of variation for laboratory measurements ranged between 2.5% and 5.3%. Further, HOMA-IR (homeostasis model assessmentestimated insulin resistance) index was calculated according to the formula: fasting insulin (µU/L) x fasting glucose (nmol/L)/22.5 [14] .
The levels of reduced glutathione (GSH) and oxidized glutathione (GSSG) in hepatic tissues were measured using the enzymatic recycling method [15] . The inter-and intra-assay coefficients of variation were 3 and 5%, respectively. MDA products were also assessed from both hepatic and adipose homogenates. The supernatant fraction of homogenates was mixed with 3% SDS, 0.1N HCl, 10% phosphtungstic acid and 0.7% thiobarbituric acid, and then incubated at 95 °C for one hour as the method previously [3] . The n-butanol was added and the mixture was shaken vigorously. After centrifugation, the color substances in the n-butanol layer were determined against the sample blank. Inter-and intra-assay coefficients of variation were 6 and 9%, respectively.
The levels of cyclic adenosine monophosphate (cAMP) were measured in appropriate amounts of hepatic or epididymis adipose tissue homogenates using the Cyclic AMP EIA assay kit (Cat No. 581001) according the protocol of manufacturer (Cayman Chemical, Ann Arbor, Michigan 48108, USA).
The supernatants prepared from extracts of tissues were also used in Western blotting. The samples were electrophoretically separated on SDS-poly-acrylamide 7.5-10% gels. Proteins were transferred onto nitrocellulose membranes and incubated with primary antibody, mouse anti-TNF-α (1:1000, ab6671, Abcam), IL-1β (1:1000, ab9722, Abcam), PDE3B (1:500, ab42091, Abcam), and α-actin (1:1000, sc-1615, Santa Cruz) antibodies, followed by incubation with horseradish peroxidase-conjugated goat anti-mouse IgG antibody. Specific binding of antibody was detected using ECL detection system (PerkinElmer Life Sciences). Quantitative analysis of signals was preformed using the FUJI LAS-4000 system and Multi Gauge 3.0 software (Fuji, Japan).
Statistical analysis
Data are expressed as means ± SD. A two-tailed p value less than 0.05 was considered statistically significant. Comparisons of different variables were made by t-test or one-way analysis of variance (ANOVA), as appropriate. Additionally, Pearson's correlation coefficients were performed to determine correlations between pairs of variables.
Results
Food intake, body weight and tissue weights
The mice in the HFD (4) group had a significantly higher body weight gain compared with mice in the Con (4) (8)+saline group. Mice with high fat diet had lower food intake compared with the mice which received a standard control diet; additionally, BNG-1 administration did not affect the food intake.
Consumption of the high fat diet for four weeks caused a significant increase in hepatic weight and visceral fat pad weight ( Table 1 ). The weights of the liver, kidney, and pancreas in mice receiving the high fat diet were also significantly higher at the end of the eight-week experimental period compared with mice receiving the control diet. The weights of liver, kidney, and pancreas were decreased in mice received BNG-1 compared with mice in the HFD (8) 
Hepatic function and HOMA-IR
Mice in the HFD (4) group had significantly higher levels of ALT, and fasting plasma glucose and insulin compared with mice receiving the control diet (Table 2) . A high fat diet also led to a significant increase in the HOMA-IR index. Moreover, treatment with BNG-1 decreased the levels of ALT and AST, fasting plasma glucose and insulin, and HOMA-IR index compared with the HFD (8)+saline group. 35.7 ± 2.5 2.9 ± 0.9 5.5 ± 0. Values are means ± SD. 2 Con (4) = mice received standard control diet for 4 weeks (n=7); HFD (4) = mice received high fat diet for 4 weeks (n=7); Con (8)+saline = mice received standard control diet for 8 weeks (n=7); HFD (8) 
Blood lipid profile and hepatic lipid contents
Mice in the HFD (4) and HFD (8)+saline groups had significantly higher plasma concentrations of total cholesterol, triglyceride, LDL, and HDL compared with mice in the Con (4) and Con (8)+saline groups, respectively (Table 3) . However, mice in the HFD (8)+LBNG, HFD (8)+MBNG, and HFD (8)+HBNG groups had reduced plasma total cholesterol, triglyceride, and LDL concentrations compared with mice in the HFD (8)+saline group. Additionally, mice in the high-fat diet fed group had higher concentrations of hepatic cholesterol and triglycerides compared with control mice. However, BNG-1 treatment significantly decreased the hepatic concentrations of total cholesterol and triglycerides in these mice at low, moderate and high doses.
Oxidative stress and inflammation
Mice in HFD (8)+saline group had significantly higher concentrations of GSSG and lower concentrations of GSH in liver tissues compared with mice in the Con (8)+saline group, and treatment with BNG-1 significantly decreased hepatic GSSG and increased GSH concentrations (Figure 1 ). Animals treated with BNG-1 had a markedly higher GSH/GSSG ratio compared with HFD (8)+saline group (data not shown).
Mice in the HFD (4) and HFD (8)+saline groups had significantly higher MDA production in liver and adipose tissues compared with mice in the Con (4) or Con (8)+saline mice ( Figure 1) . Treatment with BNG-1 significantly reduced the concentrations of MDA in the mice fed high fat diet. As shown in Figure 2 , mice in the HFD (8)+saline group had significantly higher expression of hepatic pro-inflammatory cytokines TNF-α and IL-1β compared with mice in the Con (8)+saline group, and treatment with BNG-1 caused a significant decrease in the expression of these cytokines.
cAMP levels and PDE3B expression
Mice in the HFD (8)+saline group had a significantly higher expression of PDE3B in hepatic tissues compared with mice in the Con (8) group. Treatment with high dose of BNG-1 resulted in a significant decrease in the expression of hepatic PDE3B compared with the HFD (8)+saline animals ( Figure 2) . Treatment with BNG-1 also resulted in higher cAMP levels in hepatic tissues compared with the HFD (8)+saline group. Mice treated with high dose of BNG-1 had higher levels of PDE3B in epididymis fat tissues compared with mice which did not receive BNG-1 mice. 
Correlations of among measured variables
The redox ratio of hepatic GSH to GSSG has considered to be a commonly used for the evaluation of oxidative stress status. There were significant associations between hepatic GSH/GSSG ratios with ALT, HOMA-IR, hepatic triglyceride levels and cAMP activities in high-fat diet fed mice with/without BNG-1 (Figure 3) . In addition, a significant relation was found between MDA and cAMP in adipose tissues (r = 0.540, p < 0.001).
Discussion
The present study evaluated the effect of Chinese medicinal formula BNG-1 in mice with high fat diet (HFD)-induced NAFLD. Mice in the HFD (8)+LBNG, HFD (8)+MBNG, and HFD (8)+HBNG groups had lower levels of MDA and higher levels of GSH, improved blood lipid and hepatic fat status, and decreased HOMA-IR values compared with HFD (8)+saline mice which did not receive BNG-1. Additionally, oral administration of BNG-1 regulated PDE3B expressions and mediated a significant reduction in the expression of hepatic pro-inflammatory cytokines (IL-1β and TNF-α) of mice with NAFLD.
Effect of BNG-1 on oxidative stress and inflammation
Oxidative stress has been shown to contribute in the pathogenesis of NAFLD and is associated with the development and progression of NAFLD [16] . Induction of oxidative stress can result in fat deposition in cultured hepatocytes or in the liver of animals [17] . Concurrently, accumulation of hepatic fat can also cause more oxidative stress and inflammation [18] . Patients with NAFLD exhibited increased levels of lipid peroxidation and protein carbonyl, decreased activities of antioxidant enzymes, and reduced levels of antioxidant compounds such as GSH and vitamin E [19, 20] . Additionally, lipid peroxidation was previously reported to induce adipocyte cAMP-dependent lipolysis and increase the pro-inflammatory response [21, 22] . In response to the lipolytic effects, free fatty acids released into the blood circulation comprise the substrates for triglyceride formation in the liver [16] .
The present results showed that administration of BNG-1 reduced oxidative stress indicators (GSSG and MDA) and decreased the expressions of inflammatory cytokines in hepatic tissues likely leading to decreased triglyceride synthesis in liver.
However, the concentrations of plasma free fatty acids were not determined, which is a limitation of this study.
Effect of BNG-1 on hepatic function
The development of NAFLD has been shown to be associated with elevated ALT, obesity, and insulin resistance [1] . The abnormally elevated ALT activity does not only correlate with the progression of NAFLD, but can also be used to predict the severity of insulin resistance and blood lipid profiles [23] . Administration of high fat diets are known to result in accumulation of hepatic fat, increase in liver weight, and induction of the inflammatory response and oxidative damage which leads to increased leakage of liver enzymes such as ALT into the circulation [24] . Pretreatment with GSH diminishes the hepatic damage may be associated with decreased MDA products and circulating ALT levels [25] . The present results showed that administration of BNG-1 decreased abnormal ALT and AST levels along with increased hepatic GSH/GSSG ratio, and suggested that BNG-1 treatment may ameliorate oxidative damage of hepatic tissues in mice with HFD-induced NAFLD.
Effect of BNG-1 on weight gains
Oxidative stress and inflammation are both involved in the control of body weight and are thought to play a role in increased pre-adipocyte proliferation, adipocyte differentiation and size of mature adipocytes [26] . Non-specific PDE inhibitors have also been shown to exert anti-inflammatory effects along with reduction of body weight in obese animal [27, 28] . Although BNG-1 treatment did not alter feed consumption, mice in the HFD (8)+LBNG, HFD (8)+MBNG, and HFD (8)+HBNG groups had lower total weight gains and fat pad weights compared with mice in the HFD (8)+saline group. It is possible that reduction of weight gain by BNG-1 administration is partially mediated via the loss of fat mass.
Effect of BNG-1 on tissue expression of PDE3B
There is accumulating evidence to suggest that PDE3B expression in adipocytes, hepatic and pancreatic tissues may play vital role in the metabolism of lipid and glucose [29] . Reduced expressions of PDE3B in liver have been shown to exert inhibitory effects on hepatic triglyceride accumulation and insulin resistance [30] . In contrast, high fat diet-induced cAMP accumulation by suppressing PDE3B expression was contributed to lipolysis in adipose tissues; increased expression of adipose PDE3B was associated with a reduction in plasma free fatty acids, insulin, and glucose concentrations [11, 31] . The cAMP-dependent lipolysis in adipose tissues was shown to be activated by ROS and TNF-α [21, 22] . Additionally, BNG-1 has previously been shown to be a non-specific inhibitor of artery cAMP-dependent PDEs including PDE-1 to -6 [8] . The present results showed that the BNG-1 can exert a dual effect on the cAMP activities and PDE3B expression of target tissues and affect the oxidative stress status. BNG-1-mediated reduction of hepatic PDE3B expression and increased PDE3B expression in adipose tissues may be associated with imbalanced oxidative/antioxidative status and metabolic profiles in those HFD-fed mice.
Effect of BNG-1 on blood lipid profile NAFLD patients often have abnormal blood lipid profiles with elevated blood triglyceride, cholesterol, and LDL, and decreased concentrations of HDL compared with subjects without NAFLD [32] . Studies have shown that elevated oxidative stress was associated with increased blood triglyceride concentrations in patients with NAFLD [3] . In addition, obesity-induced higher oxidative stress and an elevated inflammatory response can worsen the development of dyslipidemia [33] . Oxidative stress may reduce the expression of hepatic peroxisome proliferator-activated receptor (PPARα) and increase the expression of apoB-100 and microsomal triglyceride transfer protein mRNA, thus increasing blood triglyceride and cholesterol levels [34] .
On the other hand, the inhibitory effects of PDE3 resulted in higher cAMP levels accompanied by increased PPARα expression in vascular smooth muscle cells, thereby reducing plasma triglyceride concentrations, increasing the removal of exogenous triglyceride, and elevating lipoprotein lipase activity [35] . Our preliminary results indicated that higher dose of BNG-1 mediated the cAMP-dependent PDE3B expression may also contribute to at least in part for redox-inflammatory response and improving blood lipid profiles in NAFLD mice. However, it is needed for determining if vascular PDE3B should be regulated in the BNG-1 treatment.
Effect of BNG-1 on hepatic steatosis and insulin resistance
Recent study suggests that accumulation of hepatic triglyceride and cholesterol and insulin resistance are relevant to the pathogenesis of NAFLD [36] . Accumulation of tissue lipids as well as presence of inflammatory components are required for induction of insulin resistance [37] . Oxidative stress and inflammation are also linked to insulin resistance in NAFLD patients [38] . For NAFLD patients, antioxidant supplements have been reported to lower the glycated hemoglobin (HbA1c) and improve hepatic steatosis [39] . Furthermore, hepatic PDE3B appears to play a critical role in the triglyceride, cholesterol and glucose metabolism [40] . Increased cAMP levels were associated with improved hepatic steatosis and insulin resistance [9] . Pioglitazone, an insulin-sensitizing drug, has also been reported to restore PDE3B expression in adipocyte tissues and to also play a role in improving insulin resistance [10] .
The present results showed that the BNG-1-mediated the increases of hepatic GSH/GSSG ratio and reduction of PDE3B expression may be linked to inhibition of hepatic triglyceride synthesis; by contrast, increased PDE3B expression in fat tissues may lead to decreased release of free fatty acids and attenuate insulin resistance. Together, BNG-1 may altered PDE3B expressions and ameliorated oxidative stress and inflammatory status to regulate metabolic profiles.
Conclusion
The present findings expand our understanding of the effect of BNG-1 in mice with high fat diet-induced NAFLD. Our results demonstrated that BNG-1 administration caused 1) decreased oxidative stress status and inflammatory responses may contribute to reduced body weight gains and visceral fat weights, and 2) improvement in hepatic function and blood lipid profiles. Furthermore, administration of BNG-1 can potentially modulate the cAMP-dependent expression of PDE3B in liver and adipose tissues, which has been implicated in the improvement in hepatic steatosis and insulin resistance. Future studies are necessary to understand the molecular mechanisms of BNG-1 on energy expenditure and metabolic profiles.
